The friction between a piston, piston rings and a cylinder is responsible for almost 55% of total power loss in engines. The decrease of friction in the piston area leads to a significant fuel saving and also to emission reduction. Application of a surface treatment, such as PEO, PVD, HVOF, plasma sprayed coatings, surface texturing, etc. on engine components is a way to reduce corrosion, friction, wear and weight of engines. In the paper, the potential of the application of HVOF sprayed coatings on the engine components is discussed with respect to their sliding friction properties. The technology of thermal spraying enables one to create the surface coating approximately 50 µm thick, which provides functional surface protection of the coated parts. HVOF technology offers the possibility of creating the coatings of materials based on the principle of hardmetals with high wear resistance and favourable sliding properties. Such a combination predestinates HVOF sprayed coatings for sliding applications, such as pistons of combustion engines, pumps and other hydraulic devices. In this application area they are used on a regular basis. In practice, the producers and users of thermally sprayed coatings face the problem of the interaction of the coatings and their counterparts with the presence of other media, fuels, or, in the case of sliding wear more often, lubricants. The paper describes the methodology of measurement suitable for lubricated HVOF coatings using the pin-on-disc test according to ASTM G-99 and on the evaluation of the influence of lubricants on the friction properties, wear rate and mechanism of HVOF sprayed coatings. The pin-on-disc test according to ASTM G-99 was performed on the thermally sprayed Cr 3 C 2 -25%NiCr coating to determine and describe their sliding wear behaviour under different test conditions. The influence of various test parameters (load, wear track diameter, temperature, lubrication, counterpart
Introduction
The pin-on-disc wear test is one of the most widespread tests for sliding wear behaviour and friction of material pairs. Its basic configuration can be seen in Fig. 1 . The arrangement of the testing equipment can be both horizontal and vertical, while vertical configuration enables to remove the wear debris during the test. A radius tipped pin is pressed against a flat disc. The relative motion between them causes a circumferential wear path on the disc surface is generated. Either the pin or the disc can be moving. Diagram of the pin-on-disc test [1] .
The test parameters that have been used vary. The ASTM standard for this test, ASTM G99, does not specify particular values for the parameters, but allows them to be selected by the user to provide the simulation of an application. The parameters can vary including size and shape of the pin, load, speed and material pairs. The test can be also performed in a controlled atmosphere and with lubrication [1] . The stress levels change during the test, as a result of the wear, and the relationship between wear and duration or amount of sliding is often non-linear. In order to make a material comparison, the ASTM standard recommends measuring the wear on both members after a fixed number of revolutions.
As a result of the pin-on-disc test, a mean value of coefficient of friction (CoF), CoF evolution in dependence on the number of revolution or sliding distance, and the wear of tested material can be considered. The wear is evaluated by measurement of material volume loss that could be determined by measurement of weight or by measurement of wear track profile.
Experimental
The thermally sprayed Cr 3 C 2 -25%NiCr material was used for sliding wear test measurements. The coating was sprayed by HP/HVOF JP-5000® (TAFA) spraying technology in the ŠKODA VÝZKUM s.r.o. in Plzeň, using the standard preparation procedure on the grit blasted substrate of carbon steel (ČSN 11 523) and the previously optimized spraying parameters [2] .
Figure 2:
Cr 3 C 2 -NiCr coating microstructure.
The microstructure of the HVOF sprayed Cr 2 C 3 -25%NiCr coating (Fig. 2 ) is slightly heterogeneous, with less than 1% of porosity. A characteristic feature of the Cr 3 C 2 -NiCr coatings is the presence of numerous carbide grains bonded to the metallic matrix [3, 4] . Besides the Cr 3 C 2 carbides and the NiCr matrix the coating also contains Cr 2 O 3 oxide, originated during spraying as a result of the oxidation process, and probably also the Cr 7 C 3 and the Cr 23 C 6 carbides of the hardness lower than the primary Cr 3 C 2 , originated in the process of decarbonization during spraying similarly to the WC-Co coating [5] . The dissolution of carbides in the matrix leads to the increase in C and Cr concentration in the matrix compared to the powder composition. It enables the molten particles to solidify as the semi-amorphous or nanocrystalic C and Cr rich structure. The rapid solidification also contribute to the creation of other metal nanocrystalic phases with the grains size of cca 10 nm composed of 50% Ni and 50% Cr [6] .
The basic mechanical properties of the tested Cr 3 C 2 -25%NiCr are summarized in Table 1 . The value of indentation fracture toughness, stated in Table 1 , was determined according to the Lawn-Fuller formula [7] . The coating sliding wear and friction properties were evaluated in the New Technology Center of University of West Bohemia in Plzeň (NTC ZČU), applying the pin-on-disc test according to ASTM G-99, using High Temperature Tribometer produced by CSM Instruments SA. The test was performed on the polished coating surface of the roughness Ra 0.16  0.04. To study the influence of the test parameters on the sliding wear and friction coating properties the material of the pin, wear track diagonal, pin load and temperature varied from that usually used in NTC ZČU. The usually used parameters are: Pin: Al 2 O 3 ball,  6 mm, Pin load: 10 N, Sliding speed: 0.1 m/s, Number of cycles: 50 000, Wear track diagonal: 2, 3.5 and 5 mm, Temperature: 20°C, Lubrication: dry. First, the measurement was performed by parental parameters. The influence of the wear track diagonal on the coating wear rate and the CoF dependence was evaluated. Then the material of the pin was altered by hardened steel, while for the other parameters the parental values were used. The influence of the pin load was evaluated by varying the pin load: 1, 2, 5 and 10 N. The influence of the wear test temperature was evaluated by means of varying the temperature of the test: 20°C, 500° and 700°C. The influence of lubrication on a mean value and evolution of CoF were evaluated using 3 types of engine oils: mineral MOGUL 15W-40, semi-synthetic MOGUL 10W-40 and synthetic MOGUL 5W-40.
Besides the studied parameter, the number of cycles altered due to the specific condition of each set of measurement.
Results and discussion
Because the CoF measurement using parental parameters served as a basis for all measurements sets, there is a lot of experimental data concerning the value and evolution of CoF of Cr 3 C 2 -NiCr coating, measured at the same test parameters during a long period of time. The overview of experimental results can be seen in Table 2 . It can be stated, that the scatter of measured values is not high with the respect to fact, that the measured coatings sets were sprayed and measured during a long period of time (more than 5 years). The coating quality and also the accuracy of the tribometer were found reproducible. The evolution of the CoF curves in dependence on the number of cycles can be seen in Fig. 8 . The CoF increased gradually to the stable value, which was reached at between 15 -20 thousand cycles. The increase is connected with the high scatter of the CoF values. Similar CoF evolution was observed for all provided sets of experiments. The results can be found in the previous work [8] [9] [10] [11] [12] in more detail. The wear track diagonal did not influence the measured CoF in any set of measurement, so CoF could be considered independent of the wear track diagonal. Unfortunately, the same cannot be said about the wear rate. The wear loss of the hard wearresistant Cr 3 C 2 -NiCr coating is too small to be measured. The measurable wear would be achieved by the increase in either pin load or a number of cycles, which is beyond the measurement range of the used tribometer. For reproducible evaluation of sliding wear it is necessary to choose some other type of the tribometer or a wear test, such as block-on-ring or crossed-cylinder wear test [1] . The major wear mechanism of the HVOF hardmetal coating is connected with the gradual primary loss of the metal matrix from the areas between coatings' hard particles, followed by the weakening of their attachment and pulling them out of the coating surface. In the case of the Cr 3 C 2 -NiCr coating, due to its lower fracture toughness, a higher amount of carbides and also bigger wear debris are pulled-out and cause the fluctuation of CoF curve. The design of the CSM Tribometer does not allow the wear debris to naturally fall off; they are trapped in the wear track and serve as an abrasive medium. Then the mechanism of wear changes from sliding to abrasive wear [2, 13] . In Figure 3b the area of a considerable damage of the wear track bottom, the weakened carbides and the deformed matrix can be seen. In [14] the cermet coatings the wear mechanism is described as the contact between the pin and coatings' carbides, which are slightly protruding from the matrix due to grinding. Such a condition leads only to a very slight wear. In [14] the formation of the tribofilm consisting of the oxidized, plastically deformed matrix was recognized, and could also be expected. OM and SEM of wear track in the Cr 3 C 2 -NiCr coating.
The use of a hardened steel pin led to a significant increase in the middle CoF value (see Table 3 ) and to a change in the wear mechanism. The whole parts of the splats were pulled out in the case of the steel pin. Both effects could be caused by creation of micro-weld between pin material and NiCr matrix, or as it is mentioned in [15] , the wear debris of the steel pin can serve as an abrasive medium that promotes the wear of Co binder in the coating and simultaneously cuts off the beneficial oxidic tribofilm. The influence of the pin load on the CoF measured value of the sliding pair Cr 3 C 2 -NiCr -Al 2 O 3 can be seen from the data in Table 4 and from the graph in Fig 5. The stable value of CoF is decreasing, together with the used pin load. The running-in period is shorter for a lower pin load. Both effects can be caused by the increasing impact of the surface roughness on CoF with the decreasing load. The influence is described in [11] in more detail. The influence of a high temperature on the CoF values of the sliding pair Cr 3 C 2 -NiCr -Al 2 O 3 can be seen from the data in Table 5 and from the graph in Fig 6. The highest CoF was measured at room temperature. At 500°C, the CoF was lower, its progression was steady, especially for 5 mm wear track diagonal. The lowest and most steady CoF was measured at the highest temperature, 700°C. At elevated temperature, an oxide layer consisting of Cr 2 O 3 and NiCr 2 O 4 [16, 17] appears. The Cr 2 O 3 layer adheres strongly to the coating's surface and is characterized by CoF values between 0.25-0.5 [13] , which is in a correlation with the CoF values measured in this study. According to [15, 16] , the thickness and density of the oxide layer is different for 500°C and 700°C. For 700°C, it is thinner but denser, with better protective effect on the underlying surface. In [14] the existence of tribofilm on the Cr 3 C 2 -NiCr surface is described. In this study, its occurrence was proved by the EDX analyses of the oxygen amount in the wear track and on a free surface. The amount of oxygen absorbed in the wear track was higher compared to free surface for Cr 3 C 2 -NiCr coating, while for the other coatings it was the same. The influence of temperature on the friction properties of thermally sprayed hardmetal coatings is discussed in [2, 10] in more detail.
The influence of lubricants on the CoF values and evolution of the sliding pair Cr 3 C 2 -NiCr -Al 2 O 3 can be seen from the data in Table 6 and from the graph in Fig 8. The character of the lubricated friction is completely different. Besides the significant decrease in the CoF mean value the scatter also decreases, the curves are smooth and the measurements in the wear tracks with the different wear track radius are almost similar. Part of the CoF evolution curve characterized by the CoF increase due to the creation of the wear track is not present; on the contrary, the stable value is lower than the initial one and is reached during the first 1000 cycles. The part of the CoF curve is probably connected with the creation of a stable film of the lubricant [13] . Table 6 :
CoF values for sliding pair Cr 3 C 2 -25%NiCr coating -Al 2 O 3 -the influence of lubrication. The wear track bottom (Fig. 9 ) of the coating lubricated with MOGUL 5W-40 shows significantly lower wear damage, without the signs of the carbides loss. Only random cracks in the carbides and in the boundaries between the carbides and the matrix appeared. Comparing the SEM micrographs it can be said that the lubrication decreases the wear of the coated surface and it can be presumed that the wear rate, expressed by means of material volume loss, will be lower in the case of lubricated sliding, too. More information about the influence of lubricants can be found in [7] . Figure 9 :
SEM of the Cr 3 C 2 -NiCr wear track performed under lubricated conditions.
Conclusion
To fully understand the friction and wear behavior of the HVOF sprayed Cr 3 C 2 -25%NiCr coating, the study of the influence of various pin-on-disc test parameters was performed with respect to the CoF mean values, the CoF dependence on the number of cycles and the wear mechanism. The wear rate of the coating was not evaluated due to a very small volume loss of hard, wear resistant coating, which is not reproducibly measurable. It was found that the hardened steel pin in the sliding pair with the Cr 3 C 2 -25%NiCr coating causes higher CoF compared to the sliding pair Cr 3 C 2 -25%NiCr coatig-Al 2 O 3 . The higher the used pin load, the lower the CoF in the case of Al 2 O 3 pin. The high temperature leads to the creation of an oxide tribofilm in the wear track, which has better sliding properties than the original Cr 3 C 2 -25% NiCr surface. The CoF decreases with the increasing test temperature. The presence of the lubricant decreases the CoF value more than 5 times, the wear mechanism is changing to be less pronounced. The wear track under the lubricated condition is almost undistinguishable from the untouched surface. Another important test parameter affecting the friction and wear properties is a sliding speed. Its influence will be studied in the near future.
